A major problem in evolutionary biology is explaining the success of mutualism. Solving this problem requires understanding the level of fidelity between interacting partners. Recent studies have proposed that fungus-growing ants and their fungal cultivars are the products of 'diffuse' coevolution, in which single ant and fungal species are not exclusive to one another. Here we show for ants and associated fungi in the Cyphomyrmex wheeleri species group that each ant species has been exclusively associated with a single fungal cultivar 'species' for millions of years, even though alternative cultivars are readily available, and that rare shifts to new cultivars are associated with ant speciation. Such long-term partner fidelity may have facilitated 'tight' ant-fungus coevolution, and shifts to new fungal cultivars may have had a role in the origin of new ant species. M utualisms occur at all biological levels-from mitochondria within eukaryotic cells to a myriad of species interactions-and they contribute signi cantly towards increasing complexity in the evolution of life [1] [2] [3] [4] [5] . e long-term stability and success of mutualisms present a challenge for evolutionary theory, for how can such cooperative associations persist, much less proliferate, when selection favours sel shness and con ict 4, 6, 7 ?
1 and sp. 2 are associated with cultivar clade G. Data on the exception, C. muelleri sp. 2 AGH020526-03, were included in BayesTraits ancestral-state analyses and in ParaFit analyses of coevolution and did not alter the respective conclusions that the ancestor of C. muelleri s.l. cultivated a clade G fungus (PP = 1.0) and that signi cant ant-fungus coevolution has occurred between clade G fungi and their associated ants (P < 0.05). In short, although not all observed ant speciation events are associated with shi s in cultivar association, every observed shi in cultivar association is associated with an ant speciation event.
Taken together, these results strongly support a pattern of ant delity to particular fungi that is independent of geography and stable over evolutionary time spans of several millions of years. For example, C. wheeleri s.l. consists of two distinct geographic species that have both remained associated with cultivar clade A for approximately 5 million years. Likewise, C. muelleri s.l. includes two distinct cryptic sibling species that have both been associated with cultivar clade G for approximately 6 million years (Fig. 3 ). Whereas these examples represent cases in which ant lineages have diverged while remaining faithful to the same cultivar, observed shi s to new fungal cultivars have invariably been associated with ant speciation 1 , as discussed above. For example, C. cf. costatus sp. 1 is associated with cultivar clade B, whereas its sister species is associated with cultivar clade G (Fig. 3) , representing a shi not only between fungal species but also between Clade 1 and Clade 2 fungi that occurred approximately 7 million years ago. Additional cultivar shi s correlated with ant-speciation events occurred at the origins of C. wheeleri s.l., C. cf. longiscapus n. sp. 1, C. cf. longiscapus n. sp. 2, C. longiscapus and C. muelleri, all occurring 5.3 to 6.9 million years ago. Although this pattern is consistent with a prior hypothesis that shi s in fungal cultivar association may have driven speciation in ants of the C. wheeleri group 31 , it is also consistent with alternative hypotheses, including those in which ant speciation preceded cultivar shi s. It should also be noted that even though the combined nuclear and mitochondrial K2P-corrected distances between C. wheeleri sp. 1 and 2 and C. muelleri sp. 1 and 2 are quite large, it remains possible that one or both of these two purely geographic, non-sympatric species pairs are the highly divergent endpoints of conspeci c population clines. is alternative, however, only strengthens our results because, under that scenario, every case of speciation in the C. wheeleri group is then correlated with an ancestral shi in cultivar association.
is historical pattern of long-term ant-fungus delity for several million years provides the opportunity for coevolution, in which evolutionary modi cation in an ant host can prompt modication in its fungal symbiont, and vice versa. Because cultivar lineages are associated with multiple ant species, the C. wheeleri-group ant-fungus mutualism cannot be characterized as strict 'one-to-one' coevolution, but neither can it be characterized as broadly di use, 'one-to-many, ' coevolution. Instead, it might best be characterized as narrowly di use, 'one-to-few' coevolution. e C. wheeleri ant clade is closely related to the higher Attini 20 , which includes the leafcutting ants whose fungal cultivars are highly derived, obligate symbionts that exhibit coevolved modi cations 16, 20, 22 . If C. wheelerigroup ant-fungus associations are more speci c than those found in other lower Attini, they may represent an intermediate condition linking the broadly di use associations found in other lower-attine ants with the narrow associations that led to the evolution of higherattine fungiculture.
Methods
Samples and DNA preparation. We conducted phylogenetic analyses of C. wheeleri group ants and their associated fungi based on DNA sequence data obtained from a total of 138 ant and 193 fungal samples from Panama, Ecuador, Costa Rica and the United States (Supplementary Table S1 ). Our data included a subset of 88 nests that yielded exemplars of both ants and fungi. For fungi, we combined 193 fungal DNA sequences obtained for this study with 212 fungal DNA sequences from BR027  PA663  Leucoagaricus nympharum   PA639  PA647  PA644  PA640  PA634  PA652  PA356  BR037  PA294  PA633  BR021  PA530  PA635  BR032 C. wheeleri UGM030503-01 C. wheeleri UGM060406-03 (2 ) C. wheeleri AR061001-02 (6) C. wheeleri UGM050702-02 PA234, Apterostigma auriculatum UGM951124-02 C. cf. longiscapus n. sp. 2 JS020528-02 C. cf. longiscapus n. sp. 2 AGH020529-01 (58 ) (1 ) PA272  PA531  BR030  BR039  BR040  BR013  PA375  PA451A  PA609  PA665  PA618  PA630AandB  PA614  PA624  PA615  PA617  BR044  PA650AandB  PA205  PA610AandB  BR038   P   A628  A623   P A629  P A631  PA621   PA603  PA252  PA491  PA608  PA185  PA511  PA654  PA655  BR007  ASM1  ASM2  PA671  PA636  PA600  PA646  PA152  PA676  PA641  PA667  BR020  BR034  BR026  BR033  BR025  BR028  BR029  PA288  PA519  BR001  BR002  BR041 . Fungal sequences listed in black were generated for this study; those listed in green result from prior studies. Alignments and data matrices. Ants: For this study we generated sequence data for 138 individual ants consisting of a 1,043-bp COI protein-coding fragment, two wg protein-coding fragments totalling 316 bp and a variable-length wg intron consisting of 220-318 bp. Sequences were edited in Sequencher (Lasergene version 7.0; DNASTAR, Madison, WI) and aligned using ClustalW 36 and by eye. A er eliminating all but one representative of each unique genotype and one taxon judged to contain a COI pseudogene, and a er excluding 44 bp of autapomorphic indel regions occurring in the wg intron, our ant data set consisted of 96 ant taxa and 1720 nucleotide sites. Because 32 taxa contained one or more missing fragments, for each treatment two phylogenetic analyses were conducted, one with the full 96-taxon data set and one with the 64-taxon data set in which there were no missing fragments. To check for possible gene tree/species tree discordance problems, single-gene analyses were also conducted utilizing data matrices consisting of, for COI, 96 taxa and 1,043 nucleotide characters and, for wg, 68 taxa and 633 nucleotide characters. Fungi: For this study we generated ITS sequence data for 193 ant garden fungi for a variable-length fragment (~700-750 bp) of the nuclear ITS region. A er eliminating all but one representative of each unique genotype, our fungal data set consisted of 59 exemplar taxa, which we analysed in three separate alignments: global, Clade 1 and Clade 2. Global analyses utilized a data matrix in which the 59 new sequences were combined with 212 leucocoprineaceous sequences generated for previous studies, producing a data matrix of 271 fungal taxa and 721 nucleotide sites. Clade 1 analyses utilized a data matrix of 138 taxa (out of a total of 183 Clade 1 taxa), including all Clade 1 fungi known to be ant-associated, and 838 nucleotide sites. Clade 2 analyses utilized a data matrix of 69 taxa and 950 nucleotide sites. All alignments were produced in the program MAFFT v6. Bayesian phylogenetic inference. All ant and fungal data sets were analysed under Bayesian criteria as implemented in MrBayes v3.1. 2 40 with nucmodel = 4by4 and samplefreq = 500 (ants) or 100 (fungi). All parameters, including branchlength rate multipliers, were unlinked across partitions except branch lengths and topology. All analyses were carried out using parallel processing (one chain per CPU) with 8 chains per run and 2 runs per analysis (nruns = 2) and consisted of 10 million generations.
Maximum likelihood analyses.
All ant data sets were analysed under maximum likelihood criteria as implemented in Garli 0.97. r737 41,42 using parallel processing. ML bootstrap analyses consisted of 1000 pseudoreplicates, deviating from default settings as follows: genthreshfortopoterm = 5000; scorethreshforterm = 0.10; startoptprec = 0.5; minoptprec = 0.01; numberofprecreductions = 1; treerejectionthreshold = 20.0; topoweight = 0.01; brlenweight = 0.002. ML 'best tree' analyses consisted of 100 searches, deviating from the default settings as follows: topoweight = 0.01; brlenweight = 0.002.
T-PTP tests. e correlation with phylogeny of ant-associated vs. free-living fungi was tested for the global (n = 271), Clade 1 (n = 138), and Clade 2 (n = 69) fungal phylogenies using the T-PTP test 43 with 1000 iterations as implemented in PAUP* v.4.0a118. 44 In each case, the signi cance of the parsimony-based length di erence between the observed tree and the tree in which ant-associated fungi were constrained to be monophyletic was assessed by comparing it to the distribution of such length di erences calculated from 1,000 replicates in which ant associations were randomized across fungal taxa. For all three data sets, the observed length di erence was consistently less than the length di erences for the permuted data, that is, the observed length di erence was signi cant at P<0.001.
Test for coevolution. e permutation-based ParaFit test for signi cant global coevolution between 'parasites' (attine ants) and 'hosts' (leucocoprineaceous fungi) 45 was applied to a reduced data set of 99 ants and 90 fungi, that is, to the largest overlapping subset of ants and fungi for which we had sequence data and host associations and, for ants, for which we had su cient sequence data to calculate pairwise distances. Distances were calculated for both ants and fungi in PAUP* v.4.0a118 44 under the GTR + I + G model using maximum-likelihood values for the proportion of sites invariant and gamma alpha calculated in PAUP on maximum-likelihood topologies identi ed by GARLI-PART 0.97.r737 41 . Distances were converted into principal coordinate matrices 46 in DistPCoA 47 with negative eigenvalues removed.
e principal-coordinate-transformed distance data were analysed in ParaFit using 999 permutations, resulting in signi cant support for a hypothesis of global coevolution between Cyphomyrmex wheeleri-group ants and their fungal cultivars (P = 0.001), as well as for ant-fungus coevolution in fungal clades A, B, D, F and G (P < 0.05) (Figs 2 and 3) .
Ancestral state reconstruction. We inferred the ancestral fungal lineage for each ant species using the Bayesian method 48 implemented by BayesMultiState in the computer package BayesTraits (www.evolution.rdg.ac.uk). We coded each fungal lineage within the Cyphomyrmex wheeleri group (cultivars A, B, D, F, G) as a separate state; in cases where the fungal association was unknown for a particular ant specimen, the state was coded as unknown. We estimated Bayesian posterior distributions for each state using MCMC on a set of 1,000 trees selected randomly without replacement from the total set of post-burnin trees obtained from the MrBayes analyses. As suggested in the program manual, exploratory analyses were conducted to determine the appropriate range for hyperpriors and to select a ratedev value that produced an acceptance rate between 20 and 40%. We used hpall (0, 10) and ratedev = 20 for the results reported below; alternative distributions and values produced virtually identical results. e MCMC chain was run for 100 million generations with a burnin of 10 million and sampled every 10,000 generations. e following fungal cultivar lineages were reconstructed at the crown-group node for each ant species: C. strigatus group n. sp. Divergence dating. Divergence times for ant lineages within the Cyphomyrmex wheeleri group were inferred under a Bayesian framework using BEAST v.1. 6.1 by employing an uncorrelated lognormal-relaxed clock model 49, 50 . We used the same nucleotide-partitioning scheme and substitution models as detailed above. Substitution models were unlinked and clock and tree models linked among partitions. A Yule speciation process with a random starting tree was used for the tree prior. We assigned a priori age distributions to two nodes. e root node was assigned a lognormal prior of log(mean) = 1.6, log (s.d.) = 1.0, o set = 15 (equivalent to a minimum bound of 15 Ma, median value of 20 Ma and a 95% quantile of 40 Ma) based on the presence of Cyphomyrmex maya and C. taino, both members of the C. rimosus group, in Dominican amber 20, 51 . e crown group of the C. wheeleri group was also assigned a normal prior of mean = 20, s.d. = 5 (equivalent to a median of 20 Ma and a 95% con dence interval of 1.8-18.2 Ma) based on prior divergence dates from a largely independent data set 20 . Elimination of this second prior, which is not directly linked to the fossil record, altered resulting ages by less than 1 Ma. MCMC searches were conducted for 100,000,000 generations with the rst 20,000,000 generations discarded as burn-in. Trees and other parameter values were saved every 10,000 generations. Convergence and stationarity were assessed with Tracer v.1.5 52 using ESS scores, log likelihood values and the consistency of results between multiple runs. e results from two independent runs were combined and visualized using FIGTREE v.1.3.1 53 .
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